Abstract Functional iron deficiency (FID) incidence is gradually increasing in hemodialysis (HD) patients. Recently, high levels of GDF-15 supressed the iron regulatory protein hepcidin and GDF-15 expression increased in irondeficient patients. The relationship between FID, GDF-15, and hepcidin is currently unknown. The present study aimed to evaluate the association between GDF-15, hepcidin, and FID in chronic HD patients. Serum GDF-15 and hepcidin concentrations were measured in 105 HD patients and 40 controls. FID is defined as serum ferritin [800 ng/mL, TSAT \25 %, Hb levels \11 g/dL, and reticulocyte haemoglobin content (CHr) \29 pg. Serum GDF-15 and hepcidin levels were increased significantly in HD patients with FID, compared to HD patients without anemia and controls. GDF-15 correlated with ferritin, hepcidin, and CRP in the entire cohort. GDF-15 was related to ferritin and CRP in HD patients with FID. GDF-15 is better diagnostic marker than hepcidin for detection of FID [AUC = 0.982 (0.013) versus AUC = 0.921 (0.027); P = 0.0324]. GDF-15 appears to be a promising tool for detection of FID. High levels of ferritin and CRP correlated with GDF-15. Our results support GDF-15 as a new mediator of FID via hepcidin, chronic inflammation, or unknown pathways.
Introductıon
Anemia is a very common complication of chronic kidney disease (CKD) caused by erythropoietin (EPO) [1] . Anemia confers significant risk of cardiovascular disease and contributes to decreased quality of life and overall poor disease outcome [2, 3] .
The cause of anemia in patients with CKD is multifactorial: the best-known cause is inadequate EPO production, in addition to iron deficiency, blood loss, hemolysis, chronic inflammation, and other factors, which may include circulating inhibitors of EPO. Erythropoiesis-stimulating agents (ESAs) are the cornerstone of the treatment of anemia secondary to CKD [4] . ESAs increase the absolute demand for iron stores to sustain erythropoiesis [5] . Hyporesponsiveness to ESAs in CKD is very common and generally caused by absolute iron deficiency or functional iron deficiency (FID) [1] . Iron deficiency is almost always present in hemodialysis (HD) patients due to bleeding when needles are removed from the vascular access, blood infiltration of the vascular access, vascular access procedures, frequent blood testing, and clotting or general blood loss in the extracorporeal circuit [4] . Patients receiving ESA and inadequate IV iron therapy are at increased risk for FID [6, 7] .
In addition to being an important source of anemia in CKD and HD patients, FID is a gradually increasing source of anemia in general [7] [8] [9] . Chronic inflammation and iron replacement contribute to FID development [7] ; however, iron sequestration in reticuloendothelial cells is primarily responsible for FID development [7] .
Growth differentiation factor-15 (GDF15) is a member of the transforming growth factor b superfamily, which plays important roles in tumorigenesis [10] , metastasis [11] , atherosclerosis [12] , cardiac ischemia/reperfusion injury [13] , and cancer-induced anorexia [14] . In addition, recent studies revealed that human erythroblasts secrete GDF15, which suppresses hepcidin expression [15] and contributes to iron overloading in a variety of anemias characterized by profoundly ineffective erythropoiesis [16] . GDF15 is involved in iron homeostasis [17] but is not required to balance iron homeostasis in phlebotomized mice [18] .
The relationship between GDF15 and hepcidin is still unknown in HD patients with FID. We aimed to determine the levels of GDF15 and hepcidin in maintenance HD patients with FID.
Material and Methods
This study was approved by the Ethics Committee of Turgut Ozal University and conducted from December 2011 to January 2013. 105 patients with ESRD undergoing HD and 40 healthy controls were recruited. The inclusion criteria were as follows: stable clinical state; adequate HD (urea reduction rate C65 %); no thrombosis or acute inflammation (chronically raised but stable C-reactive protein [CRP] 0-50 mg/l using the low-sensitivity method); absence of acute cardiovascular complications (including uncontrolled hypertension, acute coronary syndrome, and acute heart failure), cancer, and connective tissue disease; no absolute iron deficiency, megaloblastic anemia, or hemolytic anemia. We defined absolute iron deficiency (serum ferritin B100 ng/mL and TSAT B 20 %), FID (serum ferritin [800 ng/mL, TSAT B 25 %, reticulocyte haemoglobin content (CHr) \29 pg, and Hb levels\11 g/dL) in patients on maintenance HD. Chronic HD patients who had hemoglobin levels of 11-12 g/dL and sufficient iron stores (serum ferritin level greater than 200 ng/mL and TSAT = 30-50 %) after ESA and intravenous (IV) iron therapy were also included in the study. Healthy controls had no anemia (Hb concentration is [13.0 g/dL in males and [12.0 g/dL in females) with sufficient iron stores (ferritin concentration [100 lg/L and transferrin saturation (TSAT) levels[25 %) without chronic disease (hypertension, diabetes mellitus, congestive heart failure, chronic kidney disease, cancer, or chronic infection).
Venous blood samples were obtained for hematological and biochemical screening tests after fasting (overnight between 8.00 and 9.00 a.m. prior to the midweek dialysis session and before heparin administration) and stored at -80°C for biochemical analyses. Serum creatinine, urea, aspartate aminotransferase, alanine aminotransferase (ALT), calcium, albumin, uric acid, total cholesterol, highdensity lipoprotein cholesterol, triglyceride, iron (Fe), total iron binding capacity, transferrin saturation (TSAT), ferritin, calcium (Ca), and phosphorus (P) were measured by standard laboratory techniques using an autoanalyzer (Roche Diagnostics, COBAS INTEGRA 800, Indianapolis, Indiana, USA). Blood containing EDTA anticoagulant was analyzed by an automatic cell counter (ADVIA 2120i, Siemens, New York, USA) for the determination of complete blood count, including red blood cells, hemoglobin (Hb), white blood cells, and reticulocyte hemoglobin content (CHr). urea reduction rate (URR) values were recorded for all HD patients.
Serum levels of GDF-15 were measured by ELISA (R&D Systems, Minneapolis, MN, USA, Cat no: DGD150) with intra-and inter-assay CVs of \2.8 and \6 %, respectively. Hepcidin levels were measured by ELISA (CUSABIO BIOTECH, Newark, New Jersey, USA. Cat no: CSB-E13062 h) with intra-and inter-assay CVs of \8 and \10 %, respectively. The results of GDF-15 and hepcidin were expressed as pg/mL and ng/mL, respectively. All tests were performed according manufacturer instructions by the same person.
Normality of the variable distribution was tested using a Shapiro-Wilk W-test. The results are presented as the mean ± standard deviation, median (interquartile range), or percentage. Student's t test or the Mann-Whitney U test were used for comparing the two groups. Analysis of variance (ANOVA) (with post hoc Tukey test for unequal groups) or a Kruskall-Wallis test (the difference between the mean of two variables was calculated by a MannWhitney U test) were used to compare differences between groups; P \ 0.05 was considered statistically significant. Spearman correlation coefficients were used for correlation analysis between GDF-15, hepcidin, and others (clinical or laboratory variables). The cutoffs of GDF-15 and hepcidin for detection of FID were identified by a receiver-operating characteristic (ROC) curve and the area under the ROC curve (AUC) was calculated. AUCs were compared, following the procedure of Hanley and McNeil [19] .
A P value of \0.05 was considered statistically significant. Statistical analysis was conducted using IBM SPSS Statistics software version 20.0 (SPSS Inc, Chicago, IL, USA).
Results
One hundred and five (n = 105) HD patients and 40 healthy controls were included in the current study. The demographic characteristics of all patients are shown in Table 1 . The patients were classified in three groups: Group 1, HD patients who had FID criteria (n = 53); Group 2, HD patients who had hemoglobin level of 11-12 g/dL and sufficient iron stores (Serum ferritin C 200 ng/mL and TSAT = 30-50 %) (n = 52); and Group 3, healthy controls (n = 40).
There was no difference between Groups 1, 2, or 3 in terms of age, gender, and body mass index ( Table 1) . The hemoglobin level in Group 1 was significantly lower than the levels in Groups 2 and 3 (9.8 ± 1.2; 11.4 ± 0.7; 13.2 ± 1.4; P \ 0.01) ( Table 1 ). The TSAT level in Group 1 was significantly lower than in Groups 2 or 3 (18.8 ± 2.7, 38.6 ± 6.5, 29.1 ± 3.0, P \ 0.01), shown in Table 1 . On the other hand, the ferritin level in Group 1 was significantly higher than in Groups 2 and 3 (967.2 ± 105.8, 374.3 ± 77.9, 146.4 ± 34.4; P \ 0.01), shown in Table 1 .
Median Hepcidin (Table 1 ) and median GDF-15 levels ( Fig. 1 (Table 1) ; however, the serum iron levels were not different between Groups 1 and 3 (83.8 ± 15.5, 89.5 ± 14.7; P = 0.216).
There was no difference between Group 1 and 2 in terms of serum Ca, Na, K, ALT, PTH, total protein, albumin, or URR ( Table 1 ). The percentage of antihypertensive drug use was not different between Groups 1 and 2, though the weekly dose of EPO in Group 2 was higher than in Group 1.
We observed a positive correlation between GDF15 levels and hepcidin (r = 0.816, P \ 0.01), ferritin (r = 0.897, P \ 0.01), and CRP (r = 0.568, P \ 0.01), while there was a negative correlation between GDF15 and TSAT (r = -0.565, P \ 0.01). No correlation was found between GDF15 and other biochemical parameters, age, VKI, or URR. When only the patients in Group 1 were included, there was a positive correlation between GDF15 level and ferritin (r = 0.745, P \ 0.01) and CRP (r = 0.341, P \ 0.01). Furthermore, while GDF15 level and serum iron (r = -0.303, P = 0.025) were negatively correlated, no correlation was found with hepcidin (r = -0.008, P = 0.953) or TSAT (r = -0.248, P = 0.068).
To identify the cutoff values of GDF15 and hepcidin for FID, ROC analysis was performed in whole groups. The optimal cutoff value of GDF15 was 749.5 pg/mL with 96.4 % sensitivity, 100 % specificity, 100 % positive predictive value (PPV), and 98.03 % negative predictive value (NPV); the AUC was 0.982 (Fig. 2) . We found the best cutoff value for hepcidin was 167.5 ng/ml with 76.4 % sensitivity, 96.7 % specificity, 93.3 % PPV, and 87 % NPV; the AUC was 0.921 (Fig. 2) . We compared the AUC of GDF15 and hepcidin and GDF15 was superior to hepcidin for predicting FID [AUC = 0.982 (0.013) vs AUC = 0.921 (0.027); P = 0.0324].
Discussion
The results of the present study are: both GDF15 and hepcidin levels are significantly high in HD patients who have functional iron deficiency; when all patients were evaluated, GDF15 level correlated with hepcidin, TSAT, ferritin, and CRP, though GDF15 correlated only with ferritin and CRP when HD patients with FID were evaluated alone; in ROC analysis, GDF15 was a better indicator of FID than hepcidin.
While anemia is a frequently-seen complication in HD patients, a significant reduction occurred with ESA [4] . In some guidelines, if the ferritin level is [800 ng/ml, intravenous iron is not recommended for 3 months [20, 21] ). In clinical practice, FID develops when intravenous iron is not given and ESA therapy is continued in patients with low transferrin saturation and high ferritin levels, [22] . FID is the most common cause of incomplete ESA response [23] . In the current study, we detected that hepcidin, GDF15, and ferritin levels are significantly high in HD patients who have FID, compared to non-anemic HD patients who have sufficient iron stores,. In both chronic inflammation and cancer, IL-6 level increases and hepcidin synthesis in liver is stimulated [22, 23] . Increased hepcidin causes ferroportin degradation which, in turn, decreases iron absorption from the gastrointestinal system and the availability and mobilization of the iron stored in macrophages [23] . As a result, in spite of sufficient iron stores, a clinical picture of iron deficiency develops [23] . Thus, when compared to the patients in which the target hemoglobin level is reached and who have sufficient iron stores, the high levels of hepcidin in patients with FID is expected. In some studies, hepcidin levels in HD patients who have FID were high, consistent with the results of the present study [24, 25] . We also observed high hepcidin in patients with FID.
The mechanisms that cause high GDF15 levels in HD patients who have FID might be as follows: 1. GDF15 may increase to suppress the high hepcidin level in HD patients who have FID; 2. Expression of GDF 15 is upregulated in response to chronic inflammation [8, 26] , present in patients with FID [27] ; 3. Iron depletion, which independently causes GDF15 induction, develops in erythroid precursor cells as a result of iron sequestration in macrophages [8, 28] .
There was no correlation between GDF 15 level and hepcidin, both in patients with FID and overall. The negative correlation between GDF15 and hepcidin was demonstrated in renal allograft recipients [29] . In cancer patients, when the GDF15 level is less than 2000 pg/ml, GDF15 and hepcidin levels have a positive correlation [30] . On the other hand, no correlation was found between GDF15 and hepcidin in patients with iron deficiency and chronic disease anemia [31] . As already known, GDF15 is a hepcidin suppression factor [15] ; however, although the GDF15 level increased, no hepcidin inhibition occurred. Elevated GDF15 (mean 66.000 pg/ml) [15] and high levels of GDF15 ([5000 pg/ml) [32] inhibit hepcidin expression; in the current study, because the mean GDF15 level was 1250 pg/ml, is was not expected to inhibit hepcidin expression. On the other hand, the non-suppression of the hepcidin level, despite the increase in GDF15 might be related to resistance development against the hepcidin suppression effect of GDF15. According to the present study, the GDF15 level is the only predictor that might determine FID. GDF15 might cause FID development by hepcidin-independent or -dependent mechanisms. In a study by Malyszko et al., they found no difference in GDF15 levels in HD patients with or without FID [25] . The most important difference of the current study from that of Malyszko et al. is that they defined FID in a different manner in HD patients and the number of patients with FID (n = 23) is quite low in their study. They defined FID as ferritin above 200 ng/ml and TSAT below 20 %, whereas we defined FID as serum ferritin [800 ng/mL, TSAT \25 %, Hb levels \11 g/dL, and CHr \29 pg. CHr is the one of most established variables for the identification of FID, according to current guidelines [23] . Our definition, by using CHr, strengthened the diagnosis of FID. 68 patients in which FID was detected were included in the study. Generally, increased ferritin levels are seen in HD patients. When the serum ferritin levels are evaluated alone, it is insufficient for the diagnosis of iron deficiency or iron overload; however, markedly elevated ferritin levels are generally associated with chronic inflammation [33] [34] [35] . CRP, an acute phase reactant that is frequently high in HD patients due to microinflammation [36] , is more than 50 mg/L in approximately 10 % of HD patients and shows acute infection [36] . CRP is between 0 and 50 mg/L in approximately 90 % of HD patients [36, 37] . Both high levels of ferritin and increased CRP demonstrate that there is a chronic inflammation background in HD patients with FID and, as a result of this inflammatory response, erythrocyte stem cell proliferation decreases, erythropoesis is suppressed, destruction of erythrocytes accelerates, the response to erythropoetin becomes blunt, iron sequestration in reticuloendothelial cells is increased, and hepatic hepcidin secretion is suppressed [37] [38] [39] . Thus, high levels of ferritin and CRP, and their correlation with GDF15 in HD patients with FID, suggest that GDF15, in addition to being a strong indicator of chronic inflammation, might be a mediator that leads to FID development.
The KDIGO practice guidelines suggest directed IV iron use be limited to patients with TSAT \30 % and ferritin \800 ng/mL (500 lg/L) [20] . Intravenous iron therapy for FID anemia in HD patients improves anemia parameters despite the long-term safety and efficacy of this treatment strategy is still unknown [21] . Furthermore, GDF15 may be a novel potential candidate for therapy of FID anemia in HD patients.
The serum hepcidin level has been considered to be the best predictor of iron-restricted erythropoiesis. Some studies have shown a relationship between the serum ferritin and hepcidin levels of dialysis patients [40, 41] . They reported an inverse correlation between serum hepcidin levels and epoetin doses and a decline in the hepcidin level after the start of epoetin therapy. On the other hands, Kato et al. showed no difference between the hepcidin levels of epoetin-responsive and epoetinresistant dialysis patients [42] , and Ford et al. revealed no relationship between blood Fig. 1 Box plot showed that GDF-15 levels in group 1 were higher than its levels in group 2 and 3 hepcidin levels and epoetin doses [43] . Serum hepcidin measurements can be benefical a biomarker to detect FID and monitorize the iron status and iron demand in dialysis patients according to our results in consistent with these studies.
This cross-sectional study had some limitations. First, it was not possible to establish causal relationships between GDF15 and FID. Second, serial measurements of GDF15 and hepcidin and prospective follow-up of these parameters could be more appropriate for determination of the relationship. Third, this study had a relatively small number of patients.
In conclusion, FID is frequently seen in HD patients and its most important known reason is insufficient iron mobilization from macrophages. Hepcidin has an important role in the physiopathology of iron deficiency anemia. GDF-15 could be considered to be a risk marker for FID. When the current study is supported with prospective randomized trials and experimental studies, the exact role of GDF15 in functional anemia will become clear and treatment modalities targeting GDF15 will become a current issue.
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